This paper is a review of the symmetry and connectivity of composite materials with particular emphasis on the effect that these have on composite properties. Analogies are drawn between composites and crystal structures to demonstrate the similarities between microscopic and macroscopic connectivity. A notation for composite transitions which can be used to describe changes in symmetry and connectivity is also presented.
Introduction
Composite materials are interesting for the wide variety of properties which can be achieved through control of connectivity and symmetry. Most frequently, as engineers design components for new applications, it is these variables, connectivity and symmetry, which are manipulated to optimize behavior. However, with the range of applications for composites expanding from macroscopic electronic or structural components to microwave (Guire, 1987) and optical (Hale, 1976) components, the scale of a composite has also emerged as a critical factor in determining the macroscopic properties. As the natural limit of composite scaling corresponds to unit-cell dimensions, it is interesting to reexamine the symmetry, connectivity and properties of composites as they relate to conventional crystallography.
Sum, product and combination properties
A composite property coefficient can arise in one of three ways: as a sum of the corresponding coefficients in the individual phases (properly weighted for volume fraction and orientation), as a product of two or more different properties, each of which is present in only one phase, or as a combination of two or * Editorial note: This invited paper is one of a series of comprehensive Lead Articles which the Editors invite from time to time on subjects considered to be timely for such treatment. 0021-8898/90/060447-11 $03.00 more coefficients which are each present in both phases (Newnham, 1985 (Newnham, , 1986 (Newnham, , 1988 . Examples of sum properties include the dielectric constant, thermal expansion coefficient, thermal conductivity and the elastic constants (Hale, 1976) . Two extremes for sum properties can be visualized -one in which the phases are aligned parallel to the probing field and the other in which they are perpendicular (see Fig.  1 ). Mathematically, these limits are described by the series and parallel models familiar from elementary expressions for circuit resistance or capacitance. Although these expressions are useful bounds on sum properties, in general such simplistic mixing rules are poor approximations for experimental data if the two phases have widely different properties. However, if additional information regarding the composite microstructure is available, considerably more-accurate descriptions of the composite property coefficients can be derived (Benveniste & Aboudi, 1982; Ashton, Halpin & Petit, 1969; Milton, 1981 Milton, , 1982 Veldkamp, 1979) .
A product property, however, relies on a reaction to a stimulus in one phase exciting a response in a second phase, and it is this response, rather than the original reaction, which is measured. One of the classic examples of this is the magnetoelectric effect observed in dense mixtures of aligned BaTiO3 and cobalt titanium ferrite grains (van den Boomgaard, Terrell, Born & Giller, 1974 ; van Scholing, 1974) . When exposed to a magnetic field, the ferrite grains deform due to magnetostriction. This shape change is passed along to the ferroelectric, which in turn produces a measurable electrical polarization. Here it is easily seen that the combined property, magnetoelectricity, cannot (as would be the case for a sum property) be written as a sum of the magnetoelectric effects of the two phases, as, indeed, neither one of the components is magnetoelectric. The third type of property, the combination property, can be illustrated by ultrasonic wave velocity. For a long thin rod, the velocity of a wave propagating along the length is v = (E/p) °5 where E is Young's modulus and p the density. If such a rod is formed from a compliant matrix material reinforced with stiff parallel fibers, the ultrasonic velocity varies widely depending on whether the fibers are oriented parallel or perpendicular to the length of the rod (Ross & Sierakowski, 1975) . The distinguishing feature which makes this a combination rather than a sum property is that v,, the velocity for waves travelling transverse to the fibers, is less than the wave velocity for either of the components. Clearly, such a coefficient could not result from a weighted sum of the two individual wave velocities. Rather, the slowness of this wave is due to the fact that the density and stiffness vary differently with the volume fraction. It is this difference in mixing rules for the two properties which causes the combination property v, to lie outside the range of the end members. The longitudinal wave, vr, however, behaves more normally. In this case the stiffness and the density follow the same mixing rule and the values for v/. lie within those of the end members. Another remarkable example of combination properties is found in the thermal and ultrasonic behavior of silica aerogels (Gronauer & Fricke, 1986; Buttner & Fricke, 1985) . It has been shown that in a highly porous aerogel (< 10% solid phase) the ultrasonic wave speed can drop as low as N 120ms-l, considerably below the speed of sound in either air or dense SiO2 (Gronauer & Fricke, 1986) . Moreover, if this material is evacuated, the thermal conductivity falls below that of non-convecting air (Buttner & Fricke, 1985) . Clearly, combination properties offer tremendous opportunities in the engineering of composites.
Composite symmetry
In attempting to describe the anisotropic properties of a composite, it rapidly becomes apparent that fundamental to any account of composite properties is a description of composite symmetry. Neumann's law states that the symmetry of any physical property of a material must include the symmetry of its point group, so determination of the composite point group is essential to understanding the property anisotropy.
There are some composites (notably some laminates, cross-plys and perforated or extruded materials) which possess crystallographic symmetry on a macroscopic scale, but for others, one of the Curie limiting groups is more descriptive. The following examples serve to illustrate different types of symmetry and their application to property determination:
Laminated composites made from glass-fiberreinforced epoxy are good examples of composite materials that conform to crystallographic symmetry. In a unidirectional laminate, glass fibers are aligned parallel to one another, such that the laminate has orthorhombic symmetry (crystallographic point group mmm). Mirror planes are oriented perpendicular to the laminate normal and perpendicular to an axis formed by the intersection of the two other mirrors. Consequently, the physical properties of a unidirectional laminate must include the symmetry elements of the point group mmm. As such a laminate is heated, it will change shape due to thermal expansion. And, since glass has a lower thermal expansion and greater stiffness than the polymer, less expansion will take place parallel to the fiber axis. The laminate will therefore expand anisotropically but it will not change its symmetry, i.e. the heated laminate continues to conform to point group mmm.
As a somewhat more complex illustration, consider the case of cross-ply laminates made up of two unidirectional laminates bonded together with the fiber axes at 90 °. Such a laminate belongs to the tetragonal point group 742 m. Laminated composites with -0 angle-ply alignment exhibit an orthorhombic symmetry which is consistent with point group 222 characteristics. Here again, although considerable deformation takes place on heating, the composite retains a shape compatible with its crystallographic symmetry (see Fig. 2 ).
Other types of symmetry elements can also be introduced during processing. For example, when a plasticized ceramic slip is extruded [as is the case for the honeycomb ceramics used as catalyst supports (Lachman, Bagley & Lewis 1981) ], a large number of different symmetries can be incorporated by suitably altering the die. By filling the extruded form with a second phase, composites with interesting and useful symmetries can be produced. Lead zirconate titanate (PZT) honeycomb ceramics prepared in this way have been transformed into piezoelectric transducers by electroding and poling. The net symmetry of the honeycomb transducers depends on both the symmetry of the honeycomb and on the poling direction. For a square honeycomb pattern, the symmetry of the unpoled ceramic tetragonal (4/mmm) with a fourfold axis parallel to the extrusion direction. When poled parallel to the same direction (Shrout, Bowen & Schulze, 1980) the symmetry decreases to 4 mm. Transversely poled composites filled with epoxy (point group mm2) are especially sensitive to hydrostatic pressure waves (Safari, Halliyal, Newnham & Lachman, 1982 ).
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.or The piezoelectric properties and symmetry of natural composites such as wood and bone, however, conform to texture symmetries. For texture symmetry groups which do not belong to the 32 crystallographic point groups, one of the Curie groups oo oo m, oo oo, oo/mm, oo m, oo/m, oo 2 or oo is more appropriate. This can be illustrated by considering polar glass ceramics with conical symmetry (Gardopee, Newnham & Bhalla, 1981) . A glass can be crystallized under a strong temperature gradient such that polar crystals grow like icicles into the interior from the surface. Certain glass-ceramic systems, such as Ba2TiSi208 and Li2Si205, show sizable pyroelectric and piezoelectric effects when prepared in this manner. Polar glass ceramics belong to the Curie point group oo m, the point group of a polar vector. As the glass is crystallized in a temperature gradient, its symmetry changes from spherical (oo oom) to conical (oo m), the same symmetry that is found in a poled ferroelectric ceramic.
Recent work on the patterning of composites by the introduction of a fugitive ink, which is then burned out during firing, leaving controlled voids (Kahn, 1985; Kahn, Rice & Shadwell, 1986; Utsumi, Shimada, Ikeda & Takamizawa, 1986; Utsumi, Tsuzuki, Suga & Takamizawa, 1986) or through chemical etching (Shiosaki & Kawabata, 1986; Shiosaki, Tanizawa, Kamei & Kawabata, 1983; Trolier, Xu & Newnham, 1987 , 1988 , has greatly increased the possibilities for inducing desired symmetries in composites. The thickness mode transducer shown in Fig. 3 , for example, has been etched with a spiral trench to eliminate the appearance of unwanted lateral and coupled modes which would otherwise interfere with the thickness resonance. Unpoled, this device has the symmetry oo/m, a Curie group which is difficult to induce by conventional processing. With application of a poling field (symmetry oo m) the correct designation becomes o0.
To describe magnetic fields and magnetic properties it is necessary to introduce the black-and-white G Fig 
Curie groups. Magnetic fields are represented by axial vectors with the symmetry oo ~ram'. The symbol m' indicates that the mirror planes parallel to the magnetic field are accompanied by time reversal. The magnetoelectric composite mentioned earlier is an excellent example of the importance of symmetry in composite materials. In combining a magnetized ceramic (symmetry group oo/mm) with a polar ceramic (symmetry oo m l') the symmetry of the composite is obtained by retaining the symmetry elements common to both groups: oo m'.
An interesting feature of this symmetry description is its effect on physical properties. As stated earlier, the symmetry of any physical property of a material must include the symmetry elements of the point group. A full listing of the independent property coefficients possible for tensors of rank 1-4 is given in Table 1 . As can be seen there, although the symmetry of a magnetized ceramic and a poled ferroelectric both forbid the occurrence of magnetoelectricity, their combined symmetry (oo m') allows it. Thus, by incorporating materials of suitable symmetry into a composite, new and interesting properties can be engineered. Full accounts of symmetry and its effect on properties can be found in books by Shubnikov & Koptsik (1974) and Nye (1985) .
Composite connectivity
One classification scheme which has proven instructive in the study of composites has been that of connectivity. The connectivity of any phase is defined as the number of dimensions in which the component is self-connected. As a matter of convention, active phases are listed first, followed by inactive and then inert phases. Thus a typical polycrystalline material densified by liquid-phase sintering might be designated as a two-phase 0-3 composite to show the grain and grain-boundary connectivities. Similarly, a nearly dense ceramic with isolated trapped pores would be considered a 3-0 composite (Fig. 4 ). Elaborating the possibilities for two phases leads to sixteen different connectivities: 0-0, 1-0, 2-0, 3-0, 1-1, 2-1, 3-1,2-2, 3-2, 3-3, 0-1, 0-2, 0-3, 1-2, 1-3, 2-3, the first ten of which are geometrically distinct (Newnham, Skinner & Cross, 1978) (Fig. 5 ). As the number of phases increases, the following criteria are used to determine the order of components (Pilgrim, Newnham & Rohlfing, 1987) :
1. unique desired property (property possessed by only one phase); 2. desired property coefficient in a shared property; 3. tensor order of coefficient or property; 4. volume fraction; 5. weight fraction; 6. formula weight or repeat unit weight. The connectivity of a composite frequently gives considerable insight into its physical properties. From the natural world, wood is an example of a complex composite composed of a highly polymerized carbohydrate (50-60% of which is cellulose), lignin, gums, resins and ash. As the tree grows, these materials form a tubular structure (Fig. 6) with the cellulose chains aligned along the tubes. Since the connectivity of the cellulose largely determines the mechanical properties, it is not surprising that the linear thermal expansion coefficient of wood is markedly lower in the longitudinal direction (i.e. along the chains) than it is normal to them (Weatherwax & Stamm, 1946) .
To capitalize on effects like this, when composites are engineered, the connectivity is often the means through which the property coefficients of the active phase are effectively modified to enhance those of the composite. For example, in hydrophones used as underwater pressure sensors, the hydrostatic piezoelectric strain coefficient, dh (defined as d33 + 2d31 where 3 is the polar axis), is related to the overall device sensitivity. For most of the ferroelectrics used in such transducer applications, however, d3~ "---~d33, resulting in a very low dh coefficient. By properly interrupting the continuity of the ferroelectric phase in the transverse direction, changing the ratio of d31 to d33, it has been possible to raise the hydrophone figure of merit:
where gh = hydrostatic piezoelectric voltage coefficient and K33--dielectric constant along the polar (a) (b) Fig. 4 . Schematic illustrating the difference between 0-3 and 3-0 connectivities. (a) represents a liquid-phase sintered material where the grains have been completely isolated by the grain boundaries giving 0-3 connectivity. In (b) the situation has been reversed so that the active phase is connected in three dimensions while the pores are isolated (3-0 connectivity).
S. TROLIER-McKINSTRY 451 direction, by up to two orders of magnitude (Giniewicz, 1985) .
Connectivity in crystals and composites
One way to emphasize the correlation between a composite's symmetry and connectivity and its properties is to regard macroscopic composites as natural extensions in scale of certain crystal structures. Thus, for example, the highly anisotropic bonding in graphite produces a layer structure ( 7a) which is a clear prototype for lamellar composites. Hexagonal boron nitride (which crystallizes in a structure similar to graphite) has the same twodimensional connectivity in the strong bonding. The resulting anisotropy of thermal conductivity makes this material attractive in applications like heat shielding (Newnham, 1975) where it is imperative that any heat generated be conducted rapidly away in two dimensions without penetrating through the third. This is comparable to some of the macroscopic 2-2 composites proposed as multilayer ceramic packages for Si chips (Fig. 7b ). Here again it is important that the heat generated by the integrated circuits not be permitted to reach the signal carrying layers where requirements for low dielectric constant mandate the use of porous materials (which are in general poor thermal conductors). If the heat does reach those layers, it dissipates slowly, leading to degradation of the circuit performance as the chips overheat. To prevent these problems, a layer of high thermal conductivity could be incorporated into the design to expedite the transfer of heat to regions where it can be removed more efficiently.
As a second example of this principle, consider the structure of SbSI (shown in Fig. 8a ). Here the ferro- electric chains are clearly separated in the crystal structure itself, leading to a much larger piezoelectric coefficient along the chains than perpendicular to them (Hellwege & Hellwege, 1982) . Although SbSI is not a composite, it can be regarded as a prototype for one if the space between the chains is considered a three-dimensionally connected 'phase'. This serves as a good model for the 1-3 biomedical transducers Gururaja, Schulze, Cross, Newnham, Auld & Wang, 1985; Takeuchi & Nakaya, 1986; Nakaya, Takeuchi & Katakura, 1987; Takeuchi, Nakaya & Katakura, 1984; Smith, 1986) in which the ferroelectric active phase is decoupled in the lateral dimensions by dicing a ferroelectric block and backfilling with a polymer (Fig. 8b) . By artificially producing an SbSIlike structure in this manner, researchers have been able to reduce coupling to lateral resonances which would otherwise decrease the resolution available from the imaging device (Takeuchi & Nakaya, 1986; Nakaya, Takeuchi & Katakura, 1987; Takeuchi, Nakaya & Katakura, 1984; Smith, 1986) . Another elegant example of composite symmetry mimicking crystal symmetry is that of the double diamond phase shown by phase-separating polymers through a narrow range of volume fractions (Thomas, Alward, Kinning, Martin, Handlin & Fetters, 1986; Thomas, Anderson, Henkee & Hoffman, 1988; Hasegawa, Tanaka, Yamasaki & Hashimoto, 1987) . Films cast from a mixture of starblock or linear diblock polystyrene-polyisoprene copolymer units dissolved in toluene spontaneously self- assemble into configurations with a minimum of surface separating the two phases. For polystyrene volume fractions between -27 and 38%, the polyisoprene assumes two interpenetrating diamond lattices with the polystyrene serving to fill the space between them. As shown in Fig. 9 , this is analogous to the double diamond structure formed by Cu20. The properties of the phase-separated polymer reflect the transitions in connectivity as the volume fraction of polystyrene is varied. Thus, as might be expected, the room-temperature storage modulus of the composite jumps by a factor of ten at the transition to the 3-3 connected double diamond structure from the 3-1 cylinder morphology.
Connectivity transitions
One aspect which makes composites interesting to study is that, unlike in a crystal where the connectivity is determined by the structure, in composites the connectivity can be altered continuously through changes in the volume fraction of components, the relative size scale of the phases, and in some cases through applied 'forces' like temperature or pressure. Transitions in connectivity due to any of these factors can cause significant property changes and indeed, in some cases, serve as the basis for composite sensing devices. An example of a composite showing connectivity transformations as a function of both filler volume fraction and temperature is the family of carbon-black-loaded polyethylene thermistors. As the volume fraction of filler is increased, isolated carbon particles link up and form chains through the matrix, transforming the composite from 0-3 to 3-3 connectivity. The substantial decrease in the resistivity of the composite accompanying the formation of continuous conductor chains can be described by percolation theory (Aharoni, 1972; Bueche, 1978) . Use of these composites as thermistors requires that, for a given volume fraction filler, the resistivity change as a function of temperature. In the case of the carbon-loaded polyethylenes, the PTC (positive temperature coefficient of resistance) effect is due to the large volume increase accompanying the crystalline-amorphous transition of polyethylene at -400 K. This forces the conducting particles apart, leading to a reversion to 0-3 connectivity for the composite and a sudden rise in resistivity.
Composite scaling
A third interesting phenomenon found in composites which lacks an apparent counterpart in crystals arises when another component is added to the above-mentioned thermistor to improve the hightemperature mechanical stability. This second filler [originally mullite or alumina (Rohlfing, 1987) ] has a much larger grain size than the carbon particles so that it serves as a framework for the composite at higher temperatures, preventing slumping of the polyethylene. Although it is still acceptable to term this a 0-(03 composite, a far better description would be 3(0-3)-0 in which the carbon-polyethylene is written as a quasi-composite isotropic on the scale of the mullite (Pilgrim, Newnham & Rohlfing, 1987; Rohlfing, 1987) . Additional protection against the effects of extreme temperature excursions in composite thermistors is possible if the third phase is able to store heat below the slumping temperature of the carbonpolyethylene matrix. Pentaerythritol, C(CH2OH)4, for example, has a solid-state phase transition at 453 K. When this material is used as the second filler, heat is absorbed at the transition, and the temperature is stabilized below that where the matrix deforms irreversibly (Brodeur). Moreover, because it is much larger in size than the graphite particles, the pentaerythritol also serves to stabilize mechanically the quasi-composite matrix, as did the mullite in the previous example.
This type of scaling can be especially important when analyzing a composite's properties as a function of the wavelength of an exciting field. Often, the whole point of making a composite is to modify the properties of one phase with that of the other. If the wavelength of the interrogating field is too small, however, it encounters only one phase at a time, rather than the desired 'average' of the phases. Scale is critical in the 1-3 composites used to generate and receive ultrasound for biomedical imaging (Fig. 8) .
In addition to the desired thickness resonance, such systems also undergo lateral running resonances. If the periodicity of the pattern is too coarse, these lateral resonances move to lower frequencies where they may interfere with the purity of the thickness vibration (Smith, 1986) . This, in turn, results in spurious signals and a loss in resolution of the diagnostic image. Consequently, to ensure that the composite can be treated as a homogeneous medium vibrating only in the thickness direction, the composite scale must be fine enough to drive the additional modes above the thickness resonance. As a second example, consider the composites used in optical components. Here, the optical properties of the matrix and hence the propagation of an electromagnetic wave can be tailored with a filler that is smaller than the wavelength of light. When, however, the heterogeneities approach the wavelength in size, they begin to scatter light rather than modulate it (Egan & Aspnes, 1982) . The whole process is analogous to the scattering of X-rays by crystals.
Similar effects are also noticeable in measuring the fracture toughness of composites (even when the two components are grain and grain boundary in a 'single-phase' material) where, depending on the size of the crack induced, the measured fracture toughness changes (Mussier, Swain & Claussen, 1982) . One explanation for this is that large cracks encounter both the matrix and the filler, leading to high fracture toughnesses. Small cracks, on the other hand, might lie entirely within the matrix phase, where there is no mechanism for increasing the toughness, so that the measured fracture toughness is lower even though the material itself is unchanged. For maximum toughness, then, the second phase must be regularly encountered on the scale of the crack. Consequently, in fabricating a composite it is essential to ensure that the scale of the components is acceptable with respect to the probing 'field'. F to signify the ferroelectric transition. Thus, the cubic-tetragonal phase change in barium titanate would be written as m3m F 4mm.
It should be noted that Aizu's notation deals with thermodynamically well defined states. Thus, the initial and final states are independent of the path taken to reach them (i.e. whether the material becomes ferroelectric due to a decrease in temperature or under the influence of an applied electric field) and the transitions are reversible. Transitions in composites, however, are often not strictly state changes. Moreover, because composites are not compositionally homogeneous, it is inappropriate to equate transformations in multiphase materials with true phase transitions in single-phase materials. For example, the change from a 3-3 to a 0-3 composite (Fig. 10) in the case of a metal-loaded polymer could be caused by an increase in temperature, a decrease in pressure (P), or the presence of some chemical (C) which swells the matrix phase. Although the net result in each case is a 0-3 insulating phase, there are some fundamental differences between the final 'states' in each case. For this reason, rather than separating the initial and final symmetries with an indication of a 'state' change like Aizu's F, it is better to delineate the transition by the force which is responsible for it. The advantage of a nomenclature of this type is its broad applicability; transitions caused by processing can be described in the same manner as true state changes. Thus, in a single-phase material like a random array of ferroelectric grains, the transition caused by poling would be written as (a)
Transitions in composites
Regarding the connectivity of a composite as linked to the composite's 'state', one can define a notation for connectivity transformations analogous to that developed by Aizu (1965 Aizu ( , 1966 for ferroic phase transitions. In Aizu's notation, the transition to a ferroelectric phase caused by any 'force', such as a change in temperature (7) or applied electric field (E), can be described by listing the prototype symmetry and the final symmetry, separating them with an oo oom E s oom, where the superscript s denotes a symmetry change. Similarly, heating a-quartz above 846 K leads to a displacive phase transition to the/3 form which can be described as 32 T s 622. In a composite, however, both the symmetry and the connectivity should be defined, so the poling of a 0-3 composite of ferroelectric gains in a polymer matrix would be written ~ ~ m 0-3 E s oo m 0-3. In general, it can be seen that there are several types of transitions which can take place in composites: transitions in the properties of a single phase, transitions which involve changes in connectivity only, those which involve only a symmetry change (i.e. an alignment of symmetry elements already present in one of the phases as shown above for the poling example), and those which involve a simultaneous change of two or more of these. As it is unlikely that one variable alone could force concurrent changes in the symmetry and connectivity, it is important to distinguish between the forces responsible for the different changes. This can be done by denoting F p as the force responsible for changes in a phase's properties, F s as the force causing composite symmetry transitions and U as the connectivitychanging force. This is similar to the notation proposed by Pilgrim, Newnham & Rohlfing (1987) except that forces changing composite symmetry are also included here.
As an example of the application of this notation to connectivity changes, consider the 0-3 material used as a piezoresistive pressure sensor. Here an epoxy is used as a matrix for powders of Sb-doped SnO2 or graphite. When pressure is applied, the conducting particles are forced into electrical contact, causing a sharp drop in resistivity. This transition would be written by oo oo m 0-3 pc oo oo m 3-3. A somewhat more complex example of connectivity change is given by a system composed of an organic solvent, a surfactant (didodecyldimethylammonium bromide) and water (Hoffmann & Ebert, 1988) . In the diphasic system formed without water, the surfactant appears in rodlike micelles which can link up into a three-dimensional network through the organic solvent. As water is added, it is solubilized in the micelle interiors, resulting in a 1-3 water-surfactant connectivity. (Water is regarded as an active phase here because it conducts electrically.) When the water concentration is raised beyond a certain limit, the rods break down into globules, imprisoning the H20 at globule centers. As a consequence, the conductor networks are destroyed, and the resistivity rises. The overall conductivity transition would then be written as oo oo m 3(1-3)-3 C c oo oo m 0(0-3)-3 where C denotes the compositional change.
Alignable polycrystalline ceramics provide excellent examples of transitions in symmetry alone.
Hence, magnetization of a porous y-Fe203 film would be described by oo oom 3-0 H" oo/mm" 3-0, and poling of a liquid-phase sintered ferroelectric would be oo oo m 0-3 E s oo m 0-3.
Finally, V203-1oaded thermistors (Moffatt, Runt, Safari & Newnham, 1986 ) demonstrate the notation for phase-property changes alone. In this material, the phase transition at 150 K from monoclinic to rhombohedral of the filler is accompanied by a change from semiconducting to metallic conduction. Although this entails changes in the symmetry of the filler phase and the properties of the composite, the overall composite symmetry remains unaltered. Consequently, this transition is written as oo oom 3-3 T p oo oo m 3-3. The difference between the high-and low-temperature states is that at lower temperatures both phases are inert so that the higher-volume-fraction polyethylene matrix is written first and at higher temperatures the filler is written first as it has become an active phase (Pilgrim, Newnham & Rohlfing, 1987) .
The notation is equally applicable to more complex or to sequential transitions. To return to the case of conductor-loaded insulators, changes in the connectivity due to different forces would be notated as oo oo m 3-3 T ~' ~ oo m 0-3 for thermistors (Aharoni, 1972; Bueche, 1978; Rohlfing, 1987; Moffatt et al., 1986) oo oo m 0-3 U oo oo m 3-3 for piezoresistive pressure sensors (Carmona, Canet & Delhaes, 1987; Yoshikawa, Ota, Newnham & Amin, 1990 ) and oo oo m 3-3 C coo oo m 0-3 for some chemical sensors (Lundberg & Sundqvist, 1986 ). In the morecomplicated three-phase thermistors employed by Brodeur (private communication), as the temperature is raised from absolute zero, the transitions in connectivity can be written as Q = quasi-composite notation, C = conductor, M = matrix polyethylene, P = pentaerythritol]. Finally, the poling of a 0-3(0-3) composite comprised of small particulate carbon and larger grains of PZT in an epoxy matrix would be written as ~m 0-3(0-3)P"E" oom 0-3(3-3)pc oom 0-3(0-3) (where the second transition describes the return to ambient pressure) (Sa-gong, Safari, Jang & Newnham, 1985; Sa-gong, Safari & Newnham, 1986) .
Summary
Some fundamental aspects of composite symmetry and connectivity and their relation to composite properties have been reviewed. Connectivity of composite s is shown, for several configurations, to be a natural extension from well known crystal structures. The concept of composite scale and its effect on properties is summarized.
A notation for transitions in composites based on Aizu's formulation for ferroelectrics and expanded from Pilgrim's nomenclature is also presented. Three major types of transitions are identified: those which involve changes in the properties of a phase, those which alter the symmetry of the composite, and those which modify the composite connectivity. The transition is then identified by listing the prototype symmetry and connectivity, the driving force for each change (notated to identify the type of change) and the final symmetry and connectivity. This process can be repeated for successive transformations.
